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EXPERIMENTAL DETERMINATION. OF EFFECTS OF FREQUENCY AND AMPIXTUDE ON THE
LATERAL STABILITY DERIVATIVES FOR A DELTA, A SWEPT, AND AN UNSWEPT

WING OSCILLATING ~ YAW ‘

By LEWIS R. FISHER

SUMMARY

Three wing maiel.8 were osci.?lutedin yaw about their twrticu.1
axes to determine the e$ec.& of 8@emu.ti.c variati.orw of fre-
guenq and amplitude of oscilldim on the in-phase and out-
oj-phase combination lai.eral Nubility WtiWCS Teding
jrom thi8 motion. The tati were made ai low speeh for a 60°
delta wing, a 46° wept wi@, and an unmoept wing; the swept
and unswept wings hud a$pect ratios of 4.

21Mre8uA!8indicate thd iizrge changes in the magnitude of h
stability deriuatioes due to the cariation of frequency occur at
high angla of attuck, pa~”cu-?urly for the delta wing: The
greatest variations oj the derivatiu~ with fregyen.cy take place
jor LLelowest jreguen.ties of osciUaiion; at the higher frequmwia,
the e~ectx of frequency are smaller and the deriva.twes become
more lineur with aq@ of attack.

Eyecti of amplitude of oscil.kztionon the8tabifity derivatives
for the o%?tuwing were m-dent for certain high angltx of attack
and jor t%e /&vest frequenckx of 08ciL%7%n. x48 i!& frequency
became high, the ampliiude e$ects tended to dtiappear.

The a.?gebraic addition of the component a%rimiwe8 de-
termined in 8eparatz investigation were generally in good
agreement with the combination derivatives obtii~d herein.
The major comtAbu$i0n8 to the oul-of-plwe dmivatiaes are
made by the mlieslipping acq@@ion de-rim.tivm, whereus
the contribution to h in-phase derivutivtx are made chiejly
by the sideslipping velacity derixatwtx.

INTRODUCTION

Recent investigations have shown that stability deriva-
tives of large magnitude exist at high angles of attack for
wings undergoing rotary accelerations in yaw or transverse
accelerations in sideslip. The results of one such investiga-
tion are presented in reference 1 for which wing models
were forced to oscillate in a pure yawing motion (zero side-
&p) at a constant frequency of osciiation. The stabili@
derivatives resulting from this investigation include the
rate of change of yawing- and rolling-moment coefficients
with ymving veloci~ Cmr,.and Cir,. and the rate of change
of ywing- and rolling-moment coefficients with yawing
acceleration C8f ~ and Cl; ., where the subscript o indicates
oscillatory den;ativea. ll!hese derivatives were measured

for a 60°’ delta wing, a 45° sweptback wing, and an unswept
w@; the swept and unswept wings had aspect ratios of 4.

The same wing models were oscillated in a pure sideslipping
motion for the investigation of reference 2. The measured
stabili~ derivatives resulting horn this type of motion in-
cluded the yawing- and rolling-moment coefficients due to
sidedipping velocity Cnp,. and CIB. and the yawing- and
rolling-moment coef%cients due to ;ldeslipping acceleration
c .j, . ~d Cli, . . These derivatives were meawredprimarily
at one frequency of oscillation; however, some limited data
involving a variation of oscillation frequency in reference 2
indicated that the sideslipping derivatives at high angles of
attack were dependent upon frequency. The results pre-
sented in reference 3 substantiated these effects of frequency
at high angles of attack on the lateral stability derivatives
for a similar set of wings. Reference 3 also includes a com-
prehensive discussion of the probable origin of the accelera-
tion derivatives of large magnitude, and reference 4 points
out the importance of including these derivatives in dynamic
stability cakndations, particularly at high angles of attack
-where the derivatives assume large magnitudm.

A reasonably simple oscillation-test technique for extract-
ing the lateral stability derivatives for a model is the method
of oscillating the model in yaw about its vertical wind axis.
Site the motion of the model is then a combination of
yawing and sideslipping, the stability derivatives measured
by this tecbique are the combination derivatives Cm,,.—

% ~? CI,,.–%, ~, Cq, ~+-~o~~,., ~d Clb,.-FL=CIF,., where
k is the reduced frequency parameter cob/2V. The present
investigation employed this technique for the purpose of
determining the effects of a systematic variation of frequency
and amplitude of oscillation on the redting combination
stability derivatives. Furthermore, in order to establish the
relative importand of the individual derivatives which form
the combination derivatives, the results of the investigation
of reference 1 and of additional tests similar to those of ref-
erence 2 are compared individually and as an algebraic sum
with the resultsof the present investigation. These compar-
isons provide an indication of the degree to which the results
of the individual sideslipping and yawing tests are additive
and attest to the linearity of the aerodpunic phenomena
responsible for the large-magnitude derivatives.

1fhlIww&?rccantlydcclo.M8edNAOAR@arch MemorfmdumLC43A19by LewisR. Fisher,1953.
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SYMBOLS

The data are referred to the system of stabili~ axes and
are presented in the form of standard coefficients of forces
and moments about the quarter-chord point of. the me~
aerodynamic chord of each wing tested. (See fig. 1.) The
coefficients and symbols used herein are deiined as follows:

span, ft
local chord, ft
mean aerodynamic chord, ft
drag coeflkient, Drag/gS
lift coefiicientj Lift/gS
rolling-moment .coeilicient, Rolling moment/@3
pitching-moment coefficient, Pitching moment/@~
yawing-moment coefficient, Yawing moment/@5%
reduced-frequency parametex, rJbj2V

dynamic pressure,$PV3 lb/sq ft

rate of change of yaw angle, ~, radians/see

yawing acceleration, dJ/i3t
wing area, sq ft
time, sec
free-stream velocity, ft/sec
angle of attack, deg
angle of sideslip, radians or deg
rate of change of sideslip angle, i313/bt
amplitude of sideslip, deg
mass density of air, slugs/cu ft
angle of yaw, radians or deg
rate of change of yaw angle, 2w/M

Y

Lift
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\
r Pitching Rolling KPJment’

a > rrmment
x I Drq –

\&2
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Relotive wird

.%cticm A-A
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z

FIGURE l.-system of stability axes. &rows indicate positive force%
moments, and angular &placements. Yaw reference ie generally
ohosen to coincide with imtial relative wind.

4’0 amplitude of yrwing oscillation measured from zero
yaw, deg

a circular frequency of oscillation, radims/sec

Derivatives: Nollowing are formulas for the lateral stability
derivatives used in presenting the results. All derivatives
are nondimensionalized (1/radiwns).

c.=+
()aTV

The subscript w used with a derimitive denotes the oscillatory
derivative.

APPARATUS AND MODELS

0scDL4TION APPARATUS

The equipment used to oscillate the models consisted of
the motor-driven fl~heel, connecting rod, crank arm, and
model-support strut shown schematically in figure 2 and
photographically in fignrea 3 and 4. The connecting rod
was pinned to an eccentric center on the flywheel and trans-
mitted a sinusoidal yawing motion to the support strut by
means of the crank arm. Because the models were mounted
to the support strut at their assumed centers of gravity, the
oscillation was forced about the vertical wind (or stability)
axis of the models. The apparatus was driven by a l-horse-
power direct-current motor through a gearecl speed reducer.

FIGWEMI2.-Sketch of oscillation-in-yaw ecluipment.



EFFECTS OF FREQUENCY AND AMPLITUDE

FIGURE3,—Oscillation-in-yaw equipment on top of tunnel test section.

The frequency of oscillation was varied by changing the
voltage supplied to the motor, and the amplitude of oscilla-
tion was varied by adjusting the throw-of the eccentric on
the flywheel.

Because the reduced h-equency of the tests of reference 2
differed from that of reference 1, some additional tests
similar to those of referenca 2 were made for this investi-
gation at mreduced frequency which corresponded to that
of reference 1. The results in reference 2 were obtained
from freely damped sideslipping oscillation tests in which the
motion was forced by a set of coil springs. For these addi-
tional tests, however, the coil springs were replaced by a
flywheel and crank mechanism similar to that used for the
yawing+scillation tests. The resulting motion, therefore,
was tLcontinuous sideslipping oscillation of constant ampli-
tude. Check tests for comparable frequencies indicated
that the derivatives measured by either teehnique were
about the same.

MODRL9

The models tested were the three wings used for the in-
vestigations of references 1 and 2 and are shown in figure 4.
Them models included a 60° delta wing, a 45° sweptback
wing, and rm unswept wing (fig. 5). The swept and un-
swept wings had aspect ratios of 4, taper ratios of 0.6, and
rounded tips. Each of the three wings was constructed from
fi-inch plywood and had essentially a flat-plate airfoil sec-
tion with a circular leading edge and a beveled trailing edge
(fig. 5 (d)). The trailing edges of all wings were beveled to
provide a trailing-edge angle of 10° that was constant across
the span. Model dimensions are shown in the sketchw of
the three wings presented in iigure 5, and other pertinent
parameter ar~ ~ted in the following table:

Item I Delta Wiig swept wing Un~pt

A8peetratio ------- 2.31
Taper ratio -------
Sweep angle, d.& (At L. E.) 6:
l)Drr#w~gle, eg- 0

------- 0
Airfoii seotion ----- Flag6~la;;
Area, sq in-------
S an,in-----------
$

36:00
ean aarodynamio
chord, in------- 20.79

$.:
(At c/4) 4~

9.19

;:
(At cj4) ;

Flat pla~
324

36

I 9.19

ON LATERAL STABD21TY DERIVAmS 463

,

(a) 60° delta wing.

?
) 45° swept wing:

0) Unswept wing.
FIGURE4.—Models in tunnel test section.

RECORDING OF DATA

The data obtained in this investigation were recorded by
means of the equipment described in lhe appendis of refer-
ence 1. Briefly, the rolling and yawing moments acting on
the model during oscillation were measured by means of
resistance-type strain gages mounted on the oscillating strut
to which the model was attached. The moments were
modified by a sine-cosine resolver driven by the oscillating
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Frwrm 5.-Sketches of the three wing models investigated.
All dimensions are in inches.

mechanism so that the out-put signals of the strain gages
were proportional to the in-phase and out-of-phase com-
ponents of the strain-gage signals. These signals were read
visually on a highly damped direct-current meter and the
aerodpamic coeflkients were obtained by multiplying the
meter readings by the appropriate constants, one of which
was the system edibration ecnstant. The additional side-
sJipping oscillation tests required for the present instigat-
ion made use of this new equipment rather than the equip-
ment used in the investigation of referenee 2.

TESTS

All tests were conducted in the 6- by 6-foot test section
of the Langley stability tunnel at a dynamic pressure of 24.LI
pounds per square foot whioh corresponds to a Mach number
of 0.13. The Reynolds number based on the mean nerody-
narnic chord was approximately 1.6X106 for the 60° delta
wing and 0.71X 10° for the swept and unswept wings.

The oscillation tests with the delta vving were conducted
for nominal frequewiw of oscillation of 0.5, 1.0, 2.0, 3.0,
and 3.3 cycles per second. These frequencies correspond to
values of the reduced-frequency parameter k of 0.033, 0.066,
0.130, 0.195, and 0.215. The amplitudes of oscillation #0

for eaeh of these frequencies was +2°, +4°, & 6°, +8°, and
+ 10° for the delta *g. For the swept and unswept wings,
the reduced frequency of 0.195 and the amplitude of 8° wero
omitted from the teats.

The in-phase and out-of-phase yawing and rolling mommts
were measured for the delta wing in angle+ f-attack incre-
ments of 4° bm a=OO to a= 16° and thereafter in 2° in-
crements up to a=32°. For the swept wing, these mensuro-
ments were taken in incremauti”of 4° from a=OO to a=20°
and also at a=lOO, 18°, and 22°. For the unswept wing,
the measurementswere taken in increments of 2° from a=OO
to a=16°.

For each amplitude, frequency, and angle-of-attack con-
dition, both a wind-on test and a wind-off test were made.
The effects of the inertia .of the model were eliminated from
the data by subtracting the results of the wind-off tests ‘
from those of the wind-on tests.

The value of reduced-frequency parameter k of 0.216 (or
3.3 cycles per seeond) was selected because it corresponded
to the reduced frequency of the tests of reference 1. Tho
tests of reference 2 were made at lower values of the reduced
frequency. In order to arrive at a better b.g.sisof comparison
for frequency, the additional tests made by the motbocl
similar to that of reference 2 were for k= 0.22 and A=& 6°.
These teats, however, were made by the forced+scillation
method rather than the free-oscillation method used in
reference 2.

RESULTS ‘AND DISCUSSION

PWENTATION OF RRSCLTS

In iigure 6 are shown the lift, drag, and pitching-moment
coefficients m ‘functions of angle of attack for the threo
wings tested. These data are taken from reference 2 and are
for a dynamic pressure of 39.8 pounds per square foot, which
is somewhat higher than the dynamic pressure used for the
present tests. The static variations of rolling moment and
yawing mommt with sidedip anglesup to + 10° me presented
in figure 7 for given angles of attack. These data exhibit
no extreme nonlinearitiea in the range of sideslip angles
being considered.

The data measured during these oscillation tests me pre-
sented for the delta wing in figure 8, for the swept wing in
figure 9, and for the unswept wing in figure 10. Them dots
are for four combination lateral stability derivatives resulting
from the combined oscillatory yarningand sideslippingmotion
employed for the tests. The derivatives are shown as func-
tions of angle of attack for five frequencies of oscillation of
the delta wing and four frequencies of oscillation for tho
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swept and unswept wings. Each part of figures 8, 9, and 10
presents the data for a diilerent amplitude of oscillation from
+0= +2° to #,= +lOO. In these iigures the static deriva-
tives C,P and CIPare also shown for comparison with the
oscillatory derivatives GLfl,~+-iWn;J. and Cb, .i-PCt;,.,
respectively. The static derivatives were taken from refer-
ence 2 and were measured at Reynolds numbem slightly
higher thrmthose for the present tests.

The effects of the reduced-frequency parameter k on the
measured stability derivatives are shown for the three wings
in figures 11 to 14. These cross-plotted data are given for
four angles of attack for each wing. The measured stability
derivatives are also cross-plotted as functions of amplitude
of oscillation for the three wings in iigures 15 to 18 for the
same mgles of attack given in figures 11 to 14.

In figure 19, the values of the derivative Cm,~ measured
during the tests of reference 1 are added algebraically to the
vidues of the derivative C*),~ measured by means of tests
similar to those of reference 2. The sums of these deriva-
tives are compared with experimental values of C., ~—Cm@~
for n corresponding frequency and amplitude of o;cillatloh.
l?igure.a20, 21, and 22 present similar comparisons for the
derivatives Cl,,~—Clb,~, C,fl,~+-kzCm~,~, and C,b,~+-PC,~ ...
respectively.

Although the following -discumion has been divided into
sections on the effects of angle of attack, of frequency, and
of amplitude, it should be pointed out that, because of the
apparent interrelationship among all three quantities, it is
not possible to isolate the discussion concerning these pa-
rameters without discussing the related quantities as well.
However, each of the following sections concerns itself
primarily with the effect of the parameter being considered.. .

EFFECT OF ANGLE OF ATTACK

In the discussion of the eflects of angle of attack on the
measured stability derivatives, it is convenient to separate
the low range of angle of attack from the high range of angle
of attack. This division takes place at a= 18° for the delta
wing, at a= 10° for the swept wing, and at a= S0for the un-
swept wing. These are the angles, for the respective wings,
below which frequency effects appear to be relatively small
and above which frequency effects are relatively large.
(See figs. 8, 9, and 10.) In @ure 6, these angles of attack
are shown to correspond to the angles at which initial changes
take place in the lift-curve slopes for each wing; this change
in slope indiwtes that these are the angles of attack at which
flow separation has beaw. Reference 3 shows that the
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magnitude of these stabfity derivatives depends substantially
upon the degree of separation present on the wing.

The data shown in figures 8, 9, and 10 are presented aa
functions of the nominal values of the uncorrected angle of
attack. The same angles of attack corrected for jet-
boundary effects are shown in figure 6. The largest effects
of frequency on the stabfity derivatives take place in the
high angle+f-attack range for each wing. At low angles of
attack, a variation ‘of reduced frequency had a slight effect
on the magnitude of the derivatives but, at high angles of
att-ac~ frequency had a determiningg effect on the magnitude
and, in some instances, on the sign of the derivatives. These
results are, generally, in agreement with the effect9 of angle
of attack and frequency presented in reference 3 for a set of
wings of similar plan form as those tested for this inv&iga-
tion.

Damping in yaw.—The damping-in-yaw derivative C+P—
Cti$,whas small negative vilues at low angles of attack for
each of the three wings tested (@s. 8, 9, and 10). At high
angles of attack, the derivative becomes large and negative
for the delta and swept wings (figs. 8 and 9), with the largest

negative values resulting for the lowest frequencies of oscillrL-
tion. For the unswept wing (fig. 10), the derivative becomes
positive at high angles of attack, with the largeat positivo
values resulting for the lowest frequencies of oscillation.
The derivatives obtained for the swept wing at its highest
angle of attack are substantially smaller than those meaeumd
for the delta wing at its highest angle of attack. The
absolute magnitudes of C%~—Cxb,Wfor the unswept wing
are likewise much smaller than for the swept wing at tho
highest angle of attack for each wing.

Rolling moment due to yawing,-The parameter repre-
sentative of the rolling moment due to yaiving 0%,.— dj~,tiis
small and generally positive at low anglea of attack for the
delta and swept wings (iigs. 8 and 9). + the angle of attack
is increased, the derivative increases positively for them
ti, with the largest values being realized for the lowest
frequencies of oscillation. With an increase in frequenoy,
the derivative hds to become more nearly linear with
increasing angle of attack. The magnitudes of the deriva-
tive reached for the swept wing are not so large as those for
the delta wing at the highest angle of attack for euch wing.
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FIGURE 10.-Stabfity derivatives meaaured during oscillation for unswept wing.

In the case of the unswept wing (fig. 10), C’y,.– C,$,o is
generally small and positive at low angles of attack, except
for perhaps the lowest frequency of oscillation for which
some small negative values were measured. At high angles
of attack, cl,~—CLb,ufor the unswept wing becomes large
rmd negative with the magnitude of the derivative again
depending upon h-equency. At a= 14° for this wing, the
variation of the derivative with angle of attack. tends to
reverse itself. At this angle of attack, figure 6 indicates
this wing to be completely stilled.’

Directional stability.-The directional-stability parameter
0,~,~+ FC%,Ufor the delta and the swept wings is positive
and increases with angle of attack at low angles of attack
(figs. S and 9). At the high angles of attack, and for the
lowest frequencies of oscillation, the derivative decreases

and, for certain conditions, reverses sign and becomes negn-
tive. The higher frequencies reduce this trend toward the
negative direction and make the vnriation of the derivative
with angle of attack more nearly linear. The derivative for
the unswept wing is a small positive value at low nngles of
attack and increases positively as the angle of attack is
increased through the high range (fig. 10). Frequency has
only a small effect on this derivative for this wing at high
angles of attack but, again, the lower test frequencies produce
the largest values of the derivative.

The vrdues of the static derivative C.p me also shown in
figures S, 9, and 10 for comparison with the oscillatory values
of c~, .+ LW<,.. These static derivatives were measured
for the investigation of reference 2 at slightly higher Reynolds
numbem than those for the present @sts. The vnluos of
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C.Pexhibit the same trend with angle of attack as is shown by
the oscillatory derivative at the lowest frequencies.

Effeotive dihedral,-The effective dihedral parameter
C’lp, .+-~=cl;,u is negative at zero angle of attack and increases
neg~tively as the angle of attack is increased in the low
rmgle-of-attack range for all three wings. For the delta and
swept wings (figs. 8 and 9), the variation with angle of attack
tends to reverse itself at high values of a and, for the lowest
frequencies of oscillation, the reversal causes a defite
reduction in the derivative and a change of sign under certain
conditions. As the frequency is increased, the derivative
tends to become more nearly linear with angle of attack, at
least for the delta wing (fig. 8). k the case of the-swept
wing (fig. 9), the derivative becomes positive at high angles
of attack for all frequencies with the possible exception of the

.

highest frequency for which the derivative approaches zero
magnitude at a= 16° and then increases in the negative
direction at higher angles of attack. The derivative for the
unswept wing continues increasing in the negative direction
as the angle of attack is increased to its largest value (fig. 10).
The largest negative values of the derivative were obtained
for the lowest frequency of oscillation.

The values of the static derivative C~@from reference 2
are shown in figures 8, 9, and 10 for comparison-with the
oscillatory derivatives (71P,~+PC1~. ~. The static values of

CIPhad about the same variation with angle of attack m is
shown by the oscillatory derivatives. The change of sign
of CLBfor the swept wing occurred at a somewhat higher
angle of attack than it did for the oscillatory deriviatve.
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Check tests, however, indicated that the prop’w Reynolds
number would shift this angle of attack to the lower value
shown by the oscillation data.

EFFECX 0; FREQUENCY

The effect of frequency on the dampingDamping in yaw.—
in yaw c., ~—Cn~,@is shown in figure 11 for the delta, swept,
and Unmv&ptwings. These cross plots are presented for
four rmglesof attack for each wing and for all amplitudes of
oscillation. At a= 18° for the delta wihg, frequency has
little or no effect on the damping (fig. 11 (a)) but, for each
succeedingly higher amgleof attack, the effect of frequency
is to make the overall variation of Cm,~—Cmb,ugreater as
the angle of attack is increased. The l&gest values of the
derivative result for the sm-hl.lestvalues of the reduced
frequency for each angle of attack. For the swept wing
(fig. 11 (b)), frequency has only a slight eflect on the deriv-
ative at a= 18° Wd a somewhat” larger effect at a=22°.
These curves show trends with frequency similar to those
for the delta wing with the difference being that the frequency
effects are much smaller. The results for the Unswbptwing
in figure 11 (c), in generfd, indicate no frequency efTectson

.,, ~– C+M up to the highest amgleof attack at which testsc
were made.

Rolling moment due to yawing.-The parameter for the
rolling moment due to yawing Cl,.~—C~,@ is shown as a
function of reduced frequency in figure 12 for the three wings.
There is little effect of frequency indicated for the delta
wing at a= 18° but, as the angle of attack increases there-
after, the variation due to frequency became greater for each
succetive angle of attack. The largest effects of frequency
were found at the lower frequencies of oscillation for each
angle of attack.

A small frequency effect on the derivative is indicated for
the swept wing in figure 12 (h) at a=18° and a somewhat
huger effect at a=22°. These changes due to frequency
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are similar to but are much smaller than those indicated for
the delta wing in figure 12 (a). The unswept wing in figuro
12 (c) exhibits values of Cr,,~—CV,~which vary slightly with
frequency at the two higher angles of attack in a mm.nor
opposite to the variations shown by the delta and swept
W@P. The derivative becomes lew negative as tho fre-
quency is increased rather than more negative as in the
plots for the delta and swept wings.

Directional stability.-!l%e derivative C.fl,~+ L..C.;,U is
shown in figure 13 as a function of the reduced frequenoy for
four angles of attack for each of the three wings. As tho
frequency parameter is increased from its lowest value at
a= 18° for the delta wing (@. 13 (a)), a slight positive in-
crease in the derivative occurs. This effect of frequency
becomw larger at the higher angles of attack until, at
a=32°, C~p,.+kU;,m may be either negative (at the lowest
frequencies) or positive depending on the frequency. J70r
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the swept wing in figure 13 (b), the directional stability
varies with frequency at the higher angles of attack in the
manner of, but not as much as for, the delta wing. No
particular effects of frequency on this derivative are indi-
cated for the unswept wing in &me 13 (c) at any angle of
attack.

The values of the static stability derivative C.P appear in
figure 13 as the value of CX6.~+PCx;,U for k=(). In general,
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Fmmm 13.—The effeot of reduoed-frequenoy parameter on direotional-

stability derivative.

the variation of the oscillatory derivative with the frequency
parameter approaches the static C% for each angle of attack
for all wings. This approach to zero frequency appears to
be somewhat smoother for the laiger amplitudes of oscillation
than for the smaller amplitudes.

J?dfeotivedihedraL-The eflect of the frequency parameter
on Cv.~+-PCli.~is shown in iigure 14. The frequency effect
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k k

(c) Unmvept wing.
FImrm 13.—Concluded.

that is indicated at a= 18° for the delta wing (fig. 14 (a))
becomes huger for each angle as the angle of attack is in-
creased. At high frequencies of oscillation, the derivative
has about the same magnitude regardlew of the angle of
attack but, at the low frequencies, the derivative becomes
more nearly positive as the angle of attack grows larger.
For the two highest angles of attack, the derivative becomes
positive at the lowest frequency of oscillation.

The results for the swept wing in figure 14 (b) indkate
that the effective dihedral derivative generally has higher
positive values than for the delta wing but that the effect
of fkequency is roughly the same. The unswept wing in
figure 14 (c) shows little effect of frequency except at a= 16°
where the frequency effect appears to be somewhat dependent
upon amplitude of oscillation. Fo~ the largest amplitudes,
the derivative becomes less negative as the frequency is
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FIGURE 14.—Continued.

increased; for” the smallest amplitude, however, the deriva-
tive in general becomes more negative at the higher frequen-
cies of oscillation.

The extreme nordineaxitiea which occur, particularly for
low-frequency and small-amplitude oscillations such as are
shown for the unswept wing in figure 14 (c), may be at leaet
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pnrtklly the fault of the data-reduction process employed.
Because the measured moments were di~ded by the fre-
quency and the amplitude in order to evolve the derivative
form, small errors of measurement tend to be exagger-
ated for low-frequency and small-amplitude conditions of
oscillation.

Tho oscillatory values of CV,~+??(?l~,~, in general, tend to
approach the static values of C%for all wings, especially for
the higher amplitudes of oscillation. The static C%is sho~
in figure 14 as the k= Ovalue of the oscillation derivative.

EFFEH OF AMPLITUDE

The effect of the variation of amplitude on the oscillatmy
derivatives under consideration is not as clear cut or con-
sistent as is the effect previously discussed of the variation
of frequency. The amplitude effects that appear in the data
arc interdependent with both frequency and angle of attack
in that certain trends with amplitude may appear at one
angle or one range of amplitude variation, whereas reveme
trends may appear at a slightly different angle of attack or
another range of the amplitude variation.

Damping in yaw,—The effects of amplitude $0 on the
damping-in-yaw derivative Cy, ~– Cnh~ are presented in
figure 15, When amplitude tiects on ‘the damping in yaw
do occur, they appear to be most importaut at the lowest
values of k. For those angles of attack at which an ampli-
tude effect is in evidence, this effect diminishes as the’ k is
increased and generally disappears at the highest frequen-
cies, For example, in figure 15 (a) where (?%,~– C.t,@ is
shown as a function of oscillation amplitude for the delta
wing, certain effects of amplitude are indicated. For the
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(a) Delta wing.
FIGURE15.—The effect of amplitude on damping-in-yaw derivative.

lowest frequency (k= O.033) at a= 18° a slight reduction in
damping takes placa as the amplitude is increased from
#0= ’20 to #0=60, but as the amplitude is increased further
the damping remains constant. At a=24° for the lowest
frequency, the damping increases as the amplitude becomes
larger than 4°, whereas at a=28° and a=32° the damping
generally increases at low amplitudes but decreases and then
levels off at the larger amplitudes. Higher frequencies of
oscillation tend to diminish the amplitude effect until at the
highest frequency the damping shows a variation with ampli-
tude only at a=32°, and this effect is small.

The swept wing in figure 16 (b) exhibits an effect of ampli-
tude on the damping only at a=22° for the lower frequencies
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of oscillation. The unswept wing in figure 15 (c) shows some
effects at low frequencies and small amplitudes of oscillation.

Rolling moment due to yawing.-The eff@s of the oscilla-
tion amplitude 40on Cl,,U—Cl$.., which me indicated in figure
16, are similar to those described for C% .– (?.B~. For the
delta wing at a= 18°, the derivative has higher po’sitivevalues
with increased amplitude, although as the frequency is in-
creased, this effect is diminished. At a=24°, the greatest
change in the derivative takes place at the large amplitudes
and the lowest frequency, whereas at a=28°, the greatest
change takes place at the small amplitudes and the lowest
frequency.

+O,dw
(c) Unewept wing.

lbmm 15.—Concluded.
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Directional stabili@,-The variation of the directionol-
stability derivative C~p,U-l-kW%,~ with amplitude is’ sholn
in iigure 17. The delta wing (fig. 17 (a)) exhibits amplitude
effects for all frequencies of oscillation at a=28° and Lr=32°
which,are about equal in magnitude but opposite in direction.
At a=28°, an increase in amplitude generally reduces the
derivative, whereas at CY=320, an increase in amplitudo
increasea the positive values of the derivative.
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For the swept wing at a=22° (fig. 17 (b)), an increase of
amplitude gives slightly higher positive values of the deriva-
tive for the lowest frequency; for the highest frequency a
reverse effect, rdthough slight, is indicated. ,

Effeotive dihedral,-The effect of amplitude on the effec-
tive-dihedral parameter CZ~,~+kWV, ~ is shown in figure 18.
For the delta .mingat a= 18°, and for the lowest frequency
of oscillation, an increase in amplitude reduces the magnitude
of the derivative at low amplitudes, whereas at the higher
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amplitudes, the ‘magnitude of the derivative remains about

constant with amplitude. At a=24°, for the lowest fre-
quency (k= O.033), increasing the amplitude reduces the
derivative. A revenml in the variation with amplitude is
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indicated at a=28° for this frequency; and at a=32° the
derivative increases in magnitude throughout the amplitude
range.

The data for the swept wing at a=22° (fig. 18 (b)) shows
a reversal in trend with amplitude between the lowest and
highest frequencies of oscillation. The derivative for the
unswept wing at the higher angles of attack (fig. 18 (c))
exhibits large variations due to amplitude and reversals in
trend between the low and high amplitudes of oscillation.
These variations with amplitude are strongly dependent
upon frequency.

COMPARISON OF EXPERIMENTAL DERIVATIVES AND
ADDITION OF COMPONENT DERIVATIVES

The derivatives C~,.U,C~, ~, Cl,,., ~d Cg,. were meas~ed
at k= 0.22 and at an amplitude XO=8° for the investigation
of reference 1. The derivatives Gfl,u, C.d.., Cr@,u,~d

Gb. ~ were detemined by a series of tests similar to those of
reference 2. The latter were forced-oscillation tests with
k=o.22 and an amplitude of sideslip /3.=6°. These indi-
vidual derivatives, and the appropriate algebraic additions
thereof, are compmed in figures 19 to 22 with the correspond-
~g comb~at,ion derivatives measured in the present investi-
gation for k=O.22 and #0=60. In general, the comparisons
me good. In &ure 19, the experimentally combined
damping-in-yaw derivative for the delta wing is just a little
smaller than the sum of the individual derivatives through
the angle-of-attack range. The comparisons for the swept
and unswept wings are also generally in good agreement.
F&we 19 indicates for these W@ that the Crib,.d~vative
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is larger in absolutemagnitude than the C*,,. derivative at
high angles of attack and therefore is the major contributor
to the damping in yaw as determined in these tests.

For the delta wing, the algebraic sum of the individual
derivatives Cl,,. ~d OZ$ . (@. 20) appears to have somewhat
higher positive values ‘by an ahnost constant increment
through the angle-of-attack range than the experimentally
obtained combination derivative. For the swept wing, the
added derivative also have higher positive valuea than the
experimental derivatives up to a= 16°, and for the unswept
wing at all angles of attack greater than zero. J?igure 20
indicates that, at least for the delta md swept ltigs~ UZP,.

contributes a greater portion to the combination derivative
than does Cl,,o.

The algebraically added derivatives C~fl,Usmd kgC~j,. fire
presented in figure 21 as a function of angle of attack and
are compared with the ckperimental combination derivatives.
Although C%,~ cm have large magnitudes of its own, as
demonstrated by the investigation of reference 1, the multi-
plication of this derivative by P would be expected to reduce
the significance of this term in the determination of tho
directional stability parameter except for, perhaps, extremely
large values of the reduced frequency or the dwivativo
c~~. Figure 21 shows this ?FC%,~ contribution to be smau
relative to the large C~~,@contributions for the delta and tho
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FIGUnE 19.— Comparison of the component and the combination de-
rivatives mdcfng up the damping in yaw. k= O.22; #0= *6” or
* $JO.

unswept wings at high angles of attack. The swept wing
lms relatively sm”allvalues of Cn~,Owhich are of about the

, for most of the high-angle-of-smne nmgnitude as hW~ ~
nttack range.

The contribution of k%$o. to the effective dihedral
derivative is also small relative to Cl~,@for the delta and the
unswept wings (fig. 22). At lower frequencies of oscillation,
the lc2Cl;,~ contribution to the derivative would be of less
sign3crmce still, since the P factor would reduce to relative
unirnportante even C;,. derivatives of very large magnitude
ns 1: approached zero. The nonlinear variation with angle
of attack shown by CIP,m+PCG,~ for the swept tig can be
attributed to the Clfl~ portion of the derivative.

The particular mo’del yawing motion employed for these
tests was such that the amplitude of the sideslipping motion
was the negative of the amplitude of the yawing motion so
thllt @J*~= —1. Airplane lateral motions may be made up
of my ratio of these amplitudes, although motions wherein
80/+0 =– 1 occu quite frequently. men this ~tio ~ close
to —1 and when the phase relationship between the separate
motions is small, then the stability derivatives may “be com-
bined in the nirplane lateral equations of motion in the forms

2
Angle of attack, a, deg

Fmmm 20.— Comparison of tie companent and the combination
derivdivea making up the rolling moment due to ymving. k= O.22:

-- 40=4c6” or +8°.

used herein. The resulting agreement between the addition
of the separately determined /3 and $ derivatives and the
combination derivatives measured herein indicates that for
f?J#O=–1, at least, and for k= O.22, the aerodynamic
-phenomena responsible for the individual derivatives are
linear to a large degree in that the individual derivatives are
approximately additive. For low values of the reduced
frequency, however, it is possible that the individual deriva-
tives may not add up quite as well as at the high reduced
frequency because of the large eifects of frequency and
amplitude which exist at low frequencies and which indicate
ksening linearity:
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————— cW, w

—.— k2C.
‘r, ~

C%$
“;,a (OMh3’1)+ k2C

o cn~,u 2 “i,e (ewefiment)+C

Angleof attack,q deg

FIQWEE 21.— Comparison of the component and
derivatives making up the directional stability.
or &8°. ~

CONCLUSIONS

the combination
ii= O.22; +0= ~6°

A delta wing, a swept wing, and an unswept wing we~e
oscillated in yaw about their quarter-chord points in order
to determine the separate effects of frequency tind amplitude
on the combination lateral stability derivatives resulting
from this motion. The results of this investigation indicate

the following conclusions:
1. The frequency of oscillation had a dete- g influence

on the lateral stability derivatives for the delta vving at high
angles of attack. The largest changes in the variations of

the derivatives with angle of attack took place for the lowest
frequencies of oscillation; as the frequency increased, the
effects of frequency became smaller, and the curves of the

—-_. — Czo,w
—.— k 2 Cl;,u

cl +k2C11 ~ (oddition)
f9,u ,

0
%,u

+k2Cli,w (experiment)

.08

0

-.08

–.16

-.24

.08 I
Swept wing

I I /,. -- ~ I
I I I x~

___ .
0

.a.
&

l--t--’;f }--lY’- !

N
-1-

hgte of attack, a, deg

- l?mmm 22.—Comparison of the component and the combinatio~l
derivatives making up the effective dihedral. k= O.22; #o=+ 6° or
+8°.

derivatives plotted against angle of attack became more
linear. Similar effects of frequency, but to a smaller extent,
were shown for the derivatives of the swept wing. The
derivatives for the unswep,twing were apparently influenced
only slightly by frequency.

2. The effect of amplitude of oscillation on tho laternl
stabtity derivatives appears to depend substantially upon
the angle of attack of the wing and upon the frequency of
oscillation. Some large effects of amplitude were shown on
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the derivatives for the delta wing at high angles of attack
and for the lowest frequency of oscillation. As the frequency
was increased to its highest value, these effects of amplitude,
in general, disupperwed. Siar amplitude effects were
indicated for the swept wing to a lesserdegree, but, in general,
did not appear for the unswept wing.

3. A compruison of the present results with the results of
previous investigations for a corresponding frequency and
amplitude indicated that the derivatives taken with respect
to sideslip angular velocity ~ are somewhat larger in absolute
magnitude than the derivatives taken with respect to yawing
nngular velocity r, with which they are generally combined.
The derivatives taken with respect to yawing angular accel-
emtion;, although of large magnitude themselves, lose signiii-
ctincewhen combined with the derivatives taken with respect
to sideslip /3because of their multiplication by the square of
the reduced-tiequency parameter. Hence, in the range of
frequencies being considered, the in-phase stabfity deriva-
tives are determined primarily by the B derivatives. & the
frequency of oscillation became smaller, the combination
in-phase derivatives approached the static (zero frequency)
# derivatives.

4. The algebraic addition of the component derivatives
gave resultswhich were genendly in good agreement with the

derivatives obtained’in combination for the present investi-
gation. These results indicate that the aerodynamic phe-
nomena responsible for these derivatives are linear to a large
degree.

LAIWLDYAEBON.AUTIC~LLABORATORY, ~
NATIONALADVISORYCOMMITTEEFOR AERONAUTICS, ‘

LANGLEY I?IELD;VA., January 6, 1956.
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